Abstract. Autofluorescence (AF) imaging provides valuable information about the structural and chemical states of tissue that can be used for early cancer detection. Optical scattering and absorption of excitation and emission light by the epithelium can significantly affect observed tissue AF intensity. Determining the effect of epithelial attenuation on the AF intensity could lead to a more accurate interpretation of AF intensity. We propose to use optical coherence tomography coregistered with AF imaging to characterize the AF attenuation due to the epithelium. We present imaging results from three vital tissue models, each consisting of a three-dimensional tissue culture grown from one of three epithelial cell lines (HCT116, OVCAR8, and MCF7) and immobilized on a fluorescence substrate. The AF loss profiles in the tissue layer show two different regimes, each approximately linearly decreasing with thickness. For thin cell cultures (<300 μm), the AF signal changes as AFðtÞ∕AFð0Þ ¼ 1 − 1.3t (t is the thickness in millimeter). For thick cell cultures (>400 μm), the AF loss profiles have different intercepts but similar slopes. The data presented here can be used to estimate AF loss due to a change in the epithelial layer thickness and potentially to reduce AF bronchoscopy false positives due to inflammation and non-neoplastic epithelial thickening. © The Authors. Published by SPIE under a Creative Commons Attribution 3.0 Unported License. Distribution or reproduction of this work in whole or in part requires full attribution of the original publication, including its DOI.
Introduction
Lung cancer is the leading cause of cancer death worldwide. 1 Techniques for early detection of lesions in the intraepithelial (preinvasive) stage are extremely important, as they lead to better patient outcomes. Intraepithelial neoplastic lesions, however, are difficult to detect by conventional white-light bronchoscopy, as the changes associated with these lesions are very subtle under white-light illumination.
Autofluorescence (AF) bronchoscopy is an established clinical technique that uses blue light to excite natural tissue fluorescence in the airways. This imaging technique has proven to be extremely effective for the early detection of lung cancer by aiding in the identification of abnormal areas from which biopsies should be collected. 2, 3 AF bronchoscopy detects the lesion with up to 6× more sensitivity. Normal tissue emits pale-green native tissue fluorescence when illuminated with blue light (410 to 460 nm) due to elastin and collagen contents in the submucosa. The increased number of cells with larger nuclear-to-cytoplasmic ratios, more active metabolic state, and increased blood content associated with abnormal tissue result in the emission of markedly dimmer green AF with increased relative red AF emission. However, the improved sensitivity of AF bronchoscopy for the detection of pre-neoplastic lesions comes at the cost of a decreased specificity. Epithelium of early lung cancers has structural characteristics (cellular density, nuclear structure, and thickness) which differ from that of normal tissue. However, some non-neoplastic conditions can mimic some of the characteristics of early cancers. For instance, thickening of epithelium due to inflammation or trauma does not necessarily correlate with cancer, but it does reduce the AF signal due to increased scattering and structural changes in the submucosa, leading to false positives. As a result, AF bronchoscopy suffers from a rather high false-positive rate (about 40%).
Optical scattering and absorption of the epithelium layer alter the AF signal intensity originating from stroma. Modeling the effect of AF scattering and absorption may help achieve more accurate interpretation of AF intensity. The optical scattering of tissue has been the subject of intense research. [4] [5] [6] [7] [8] [9] In particular, several techniques are available for AF intensity correction in the literature including empirical techniques, measurementbased techniques, and theory-based techniques. A comprehensive review of these methods can be found in Ref. 10 . In the empirical techniques, a ratio of fluorescence to reflectance at one or two excitation wavelengths is utilized to correct for change in fluorescence due to blood content. [11] [12] [13] [14] [15] This technique is based on Jöbsis et al.'s postulate, which assumes blood vessels totally absorb both excitation and emission light. 11 However, Sterenborg et al. showed that the method was not an effective correction technique due to a significant correlation between the ratio and skin color. 16 Measurement-based techniques rely on selectively recording AF photons that travel a short distance through tissue and, therefore, are distorted the least by scattering and absorption. An example is the confocal technique 17 that has been confirmed to be effective in reducing scattering distortions by experimental work and Monte Carlo modeling. [18] [19] [20] Biswal et al. proposed using polarized light to selectively measure photons that, on average, undergo less scattering using the fact that polarization information is lost during the scattering process. 21 However, techniques of this sort work for rather shallow depths of tissue compared with the standard measurement techniques. The theoretical methods are mainly based on the modified Beer-Lambert law, the Kubelka-Munk theory, and diffusion theory. 10, [22] [23] [24] [25] [26] [27] Most of these theoretical techniques assume that the optical properties of the tissue are uniform, leading to less accurate results. 27, 28 Optical coherence tomography (OCT) is an interferometric technique for obtaining sub-surface images of biological tissue and providing images with less than 10-μm axial resolution and >1-mm penetration depth. [29] [30] [31] OCT employs nonionizing, nearinfrared radiation to capture real-time images of tissue morphology. OCT can be used to study high-risk tissue sites without performing unnecessary biopsies and tissue removal. 32 Our group has shown that micro-invasive carcinoma can be distinguished from normal bronchial epithelium using epithelium thickness information measured by OCT. Also, AF bronchoscopy-guided OCT imaging of bronchial lesions is technically feasible. 33 We hypothesize that an adjunctive optical technique, such as OCT, that provides complementary information to enable the rejection of AF false positives due to epithelial scattering may improve the specificity of AF bronchoscopy. Typical AF imaging systems measure the AF intensity at the tissue surface that includes epithelial scattering and absorption effects. Correcting AF intensity to remove the effect of absorption and scattering introduced by varying thicknesses of epithelium can identify the contribution of submucosa fluorophores to the AF signal. OCT can measure epithelium thickness directly and determine which portion of the AF signal loss to attribute to the additional epithelial scattering, as opposed to indicate a generalized fluorescence loss which may be due to collagen remodeling (potential precancer) or epithelial thickening. Information from OCT imaging, like the epithelium thickness and the backscattering coefficient within the epithelium, can be used to derive an AF correction factor. Therefore, given the structural information provided by OCT, a combined AF-OCT imaging system could have improved specificity compared with AF imaging alone.
In this work, we propose using coregistered AF-OCT imaging to model the effects of AF by the scattering and absorption properties of the epithelial layer. We use a two-layer tissue model in which the epithelium is the top layer and the stroma is the fluorescing bottom layer. The AF signal is assumed to be generated by fluorophores in the stroma alone. The two-layer tissue model is composed of a three-dimensional (3-D) tissue culture as the scattering layer (epithelium) fixed to a fluorescence slide as a uniformly fluorescing substrate (stroma). Experimental results from a bench-top AF-OCT imaging system and the two-layer tissue model are presented. The tissue cultures are grown from three different 3-D tissue cell cultures, namely HCT116, OVCAR8, and MCF7. The 3-D cell cultures are more similar to in vivo epithelium than other tissue phantoms (e.g., Intralipids and polystyrene sphere suspensions) in terms of biochemical and structural properties and are, therefore, more likely to have optical properties similar to in vivo epithelium. The OCT signal can be used to correct for the AF signal loss due to inflammation and epithelial thickening with the potential to reduce the resulting AF false positives.
Materials and Methods

AF-OCT Imaging System
Coregistered AF-OCT images were acquired using a custom bench-top dual-modality imaging system. The OCT subsystem included a 30-mW polygon-scanner-based wavelength-swept laser source with 106.8-nm bandwidth centered at 1321.4 nm with 40-kHz repetition frequency. 34 This laser source fed a fiber-based Mach-Zehnder interferometer (MZI) with reference and sample arms, as shown in Fig. 1 (OCT part). Another MZI unit was used at the source to generate the reference clock for sampling. The interference was detected by a balanced photodetector (PDB420A, ThorLabs, Newton, New Jersey) whose output was fed into a digitizer card (ATS460, AlazarTech, Pointe-Claire, Quebec) for signal processing and creating OCT images. The OCT subsystem provided images with about 8-μm axial and 20-μm lateral resolutions (in air).
The AF imaging subsystem used a 446 nm 40-mW semiconductor laser (CUBE 445-40C, Coherent, Santa Clara, California) as the excitation source. Two lenses (NA ¼ 0.3) were used to collect the AF onto an APD-based detector (C5460, Hamamatsu, Japan). A dichroic filter separated backscattered blue light from AF photons as shown in Fig. 1 (AF part). The OCT and AF light beams were combined and separated by a backside-polished broadband dielectric mirror (BB1-E02P, ThorLabs) in free space. A Galvo-scanning mirror (GVS002, ThorLabs) provided a two-dimensional raster scan of both the AF and OCT beams on the sample. The AF and OCT channels were recorded simultaneously on the same high-speed digitizer ensuring their coregistration.
Tissue Model
The tissue model consisted of a 3-D cell culture grown on a membrane in a glass chamber mounted on a fluorescent slide, as shown in Fig. 2 . The 3-D cell layer modeled the epithelium layer, while the fluorescent slide modeled the stroma. Three types of carcinoma cell lines were tested in the tissue model: HCT116 colorectal carcinoma, OVCAR8 ovarian carcinoma, and MCF7 breast adenocarcinoma.
Cell Culture Materials and Methods
Cell Cultures
MCF7 breast adenocarcinoma and HCT116 colorectal carcinoma cells were obtained from the American Type Culture Collection (Manassas, Virginia). OVCAR8 ovarian carcinoma cells were obtained from the NCI-Frederick Cancer DCTD Tumour/ Cell Line Repository (Courtesy of Dr. Kevin Bennewith, BC Cancer Agency). OVCAR8 and HCT116 monolayer cell cultures were maintained in RPMI (Life Technologies, Carlsbad, California) and MCF7 in Dulbecco's minimal essential medium (Life Technologies). All cultures were supplemented with Glutamine (GlutaMax, Life Technologies) and 10% fetal bovine serum (Hyclone, Thermoscientific, Waltham, Massachusetts) and were incubated at 37°C, 95% air, and 5% CO 2 .
3-D Tissue Disk Culture
One hundred fifty microliters of 0.75 mg∕mL collagen (bovine collagen type I, BD, Bedford, Massachusetts) was placed on the surface of the tissue culture insert membrane (Millicell CM 0.4 μm 12-mm tissue culture inserts, Millipore, Billerica, Massachusetts) and allowed to dry for 3 h before cells were plated. Approximately 1 × 10 6 cells were suspended in 0.5 mL media supplemented with penicillin and streptomycin (Life Technologies) and placed in the collagen-coated standing disks. The cells were allowed to settle on the porous membrane overnight in a 37°C tissue culture incubator, then transferred and suspended on a Teflon frame submerged in stirred media, and continuously gassed in 5% O 2 , 5% CO 2 , and balance N 2 .
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AF-OCT Imaging
AF-OCT imaging was performed on the three different 3-D cell cultures, OVCAR8, HCT116, and MCF7, to obtain AF signal loss versus the cell layer thickness measured by OCT imaging. The 3-D cell cultures were established for 12 HCT116 samples, 16 OVCAR8 samples, and 14 MCF7 samples in an incubator. AF-OCT imaging was carried out over 6 days on the HCT116 samples (measured on days 1 to 6), over a 10-day period on OVCAR8 (measured on days 1, 2, 3, 4, 5, 6, 7, and 10), and over a 15-day period on MCF7 samples (measured on days 1, 2, 3, 5, 7, 12, and 15). Two samples were removed from the incubator on each imaging day, imaged using the bench-top AF-OCT system, and then either frozen for subsequent histology or discarded.
The 3-D cell layer thickness was measured directly from OCT images assuming the refractive index of the tissue culture to be 1.36.
37-41 AF signals were acquired simultaneously, providing information on the effects of different cell layer thicknesses. The measured AF signals were normalized to the reference signal obtained from imaging the chamber without the cell layer mounted on the fluorescent slide. The OCT images provided the cell layer ("epithelial") thickness, while the AF images provided the AF signal loss associated with the optical scattering and absorption of that layer.
3-D Tissue Culture Histology
Following AF-OCT imaging, the 3-D tissue disk cultures of days 3 and 6 for HCT116, days 3 and 10 for OVCAR8, and days 7 and Macintosh computer. 36 Images were captured with 1.5-μm∕pixel resolution. Imaging of these samples provides information for a thin sample and a thick sample for each 3-D cell culture type.
Results and Discussion
OCT images (top) and corresponding histology (bottom) for the three cell lines at two time points are shown in Fig. 3 . The HCT116 and OVCAR8 3-D cell cultures maintain a more uniform layer structure with a smooth top surface compared with that of the MCF7 3-D culture. The thinner cultures appear more uniform, while the thicker cultures seem to have necrotic areas in the middle of the culture (far from nutrient sources during growth). Figure 4 shows the thickness at the center (averaged over 50 OCT A-lines or about 1 mm) of 3-D cell cultures corresponding to each imaging day after start of culture for HCT116 (red squares), OVCAR8 (blue diamonds), and MCF7 (green circles). HCT116 has the highest growth rate, and MCF7 has the lowest.
Two experiments were performed to verify that the measured fluorescence signal originated from the fluorescence slide and not from the cells or the cell-culture membrane. First, an empty chamber mounted half on the fluorescent slide and half on a glass slide [ Fig. 5(a) ] was imaged to measure the membrane fluorescence signal compared with the fluorescent slide signal. The results [blue curve in Fig. 5(a) ] demonstrated that the membrane fluorescence signal is two orders of magnitude smaller than that of the slide. In the second experiment, the AF signal measured from a 3-D cell culture mounted on a fluorescent slide [ Fig. 5(b) ] was compared with that acquired when the 3-D cell culture was mounted on a glass slide [ Fig. 5(c) ]. The results showed that the fluorescence signal from the cells contributed up to only 2% of the total fluorescence signal. Therefore, the fluorescence signals from the cells and from the cell-culture membrane were assumed to be negligible compared with the fluorescent slide signal. Thus, we assume that the measured fluorescence signal in our 3-D model is only modified by the absorption and scattering properties of the cells, and there is no AF signal being added by the cells. Figure 6 shows the normalized AF signal versus the 3-D cell layer thickness for HCT116 [ Fig. 6(a) ], OVCAR8 [ Fig. 6(b) ], and MCF7 [ Fig. 6(c) ] cells. For HCT116 and OVCAR8 cells, data were obtained for 6 and 7 consecutive days after start of culture, respectively, plus at day 10 for the OVCAR8 cultures. However, due to the very slow growth rate of MCF7, AF-OCT imaging measurements were set at larger intervals for the MCF7 case. OCT images showed relatively constant cell layer thicknesses along the lateral scan for thin layers, resulting in very few depth data points corresponding to each imaging day. However, the cell layer thickness changed significantly along the lateral scan in the OCT images of the later days, providing several data points for these thickness ranges.
For thin layers (<300 μm), the AF signal decreases approximately linearly with the cell layer thickness. The AF loss profile changes at some thickness point (in the 300 to 400 μm range) after which the AF loss decreases with a smaller linear fit slope compared with the thin layer profile for each cell line. For thick layers (>400 μm), the linear fit slopes are similar for the HCT116, OVCAR8, and MCF7 cell cultures albeit with different intercepts. The linear fit slopes are listed in Table 1 .
The piecewise linear model illustrated in Fig. 6 was a better fit to the data than an exponential model (as indicated by the goodness of fit R 2 ). In the analytical model reported by Wu et al., 42 AF signal loss is approximated by an exponential function with respect to the depth. However, the models presented by Li et al. 43 and Fantini and Gratton 44 suggest that the AF loss can be approximated to a linear function provided the optical properties at excitation and emission wavelengths are close.
We speculate that the change in the AF attenuation slopes for different thickness ranges can be attributed to the change in the 3-D cell layer morphology with respect to the thickness range. Comparing histology and OCT images of thin and thick 3-D cell cultures shown in Fig. 3 , one can see that the thin 3-D cell cultures are fairly uniform. However, as the cell cultures grow thicker, there is apparent necrotic tissue and cell layer breakup in the mid-region. In the 3-D cell culture tissue, cells compete for oxygen and other nutrients. As explained extensively in Ref. 45 , since the diffusion of oxygen is relatively low and oxygen consumption is high, diffusion can support only a limited Table 1 Slopes of linear function fit (mm −1 ) of autofluorescence (AF) attenuation for thin (<300 μm) and thick (<400 μm) 3-D cell layers for the HCT116, OVCAR8, and MCF7 cell cultures along with optical coherence tomography (OCT) A-line decay coefficients.
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Slopes for layers <300 μm (10) number of cells before the balance between metabolic demand and diffusion creates a zone in the center where oxygen tension is too low to support viable cells, resulting in central necrosis. In Ref. 45 , the authors estimated that few cells tolerate diffusion distances >0.2 mm. We postulate that these necrotic tissue regions (with spatially varying cell densities) decrease optical absorption and scattering of the cell culture in this region, leading to a smaller AF attenuation slope. The empty regions cannot scatter or absorb photons. A natural implication is that the existence of these empty regions makes the absorption and scattering loss effects less severe versus the depth compared with the case where these regions are filled out with scattering and absorbing particles.
As illustrated in Fig. 6(d) , the data suggest that for small thicknesses (<300 μm), the cells behave very similarly in terms of AF loss with the average decrease rate of 1.3 mm −1 . This thickness range is particularly important, since the lung epithelium layer thickness lies typically in this range. We propose that results from this epithelial tissue model can be used to correct for AF in vivo attenuation by the lung epithelial layer. Removing AF variation due to epithelial scattering could potentially reduce AF false positives due to inflammation and epithelial thickening. For thicker layers, however, the data show that the AF scattering loss is very different for different cell line types; for a fixed thickness, HCT116 shows the least AF scattering loss, MCF7 shows the most, and OVCAR8 loss is in between but closer to MCF7. However, the slopes of the fitted linear functions are also very close for the three cell lines with the average slope of 0.59 mm −1 , even though the offsets are quite different. Therefore, the AF signal loss can be estimated relative to one data point corresponding to a specific thickness using this relatively constant slope. In addition, the lack of cellular homogeneity observed in the thick 3-D cultures may not occur as frequently in in vivo tissue, and the thick in vivo case may be more similar to the thin 3-D culture cases.
The measured AF signal may be affected by geometrical factors such as the tissue model-lens distance that can be measured using the technique reported in Ref. 46 . To minimize these effects, the experimental results are normalized to the reference signal obtained from imaging the chamber without the cell layer mounted on the fluorescent slide. The normalization cancels out the factors that linearly change the AF intensity and mitigates higher-order effects. In in vivo cases, where there is no reference signal to which the AF signal can be normalized, the method reported in Ref. 46 can be used. We applied the proposed AF correction method on the tissue model data shown in Fig. 7(b) , in which the cell layer thickness varies across the lateral scan direction. The AF signal [blue curve in Fig. 7(a) ] is also varying with respect to the layer thickness. Illustrated in Fig. 7(d) is the cell layer thickness obtained by applying edge detection to the OCT image using the Magnetic Lasso tool of Photoshop [ Fig. 7(c) ]. The correction factor, shown in purple in Fig. 7(a) , was calculated using the layer thickness, AF signal at the center, and the average (across the three tissue types) AF loss slope (0.59 mm −1 ) obtained from the culture data. The correction results in much more constant AF signal [shown in green in Fig. 7(a) ] regardless of the cell layer thickness variations. Figure 8 shows the OCT A-line data obtained from the final days of imaging for the HCT116, OVCAR8, and MCF7 3-D cultures. Curve-fitting of an exponential function to the Aline data results in the OCT backscattering coefficients listed in Table 1 . The A-line decay coefficients are consistent with AF loss for thick cell layer with the highest loss for MCF7 and the lowest for HCT116. Also, comparison of the shapes of A-line data for the 3-D cell cultures and for Intralipid reveals the nonuniformity of the cells density compared with a homogenous medium like Intralipid. We expect that the cell lines are closer models of in vivo tissue layers than Intralipids in terms of biochemical and structural properties.
The results presented from the 3-D cell culture model will likely be different from those one would observe in vivo from real bronchial mucosa. The underlying correction principle, however, is still applicable to in vivo imaging and will provide the clinician with additional information that may eventually improve the specificity in the identification of intraepithelial neoplastic lesions. Additional in vivo studies, on surrogate epithelial tissues or in an animal model, are required to validate the piecewise linear model and to derive a clinically relevant method for correction of the AF signal.
Conclusion
There are many structural and molecular changes associated with neoplastic epithelial development in the bronchial passages of the lung. Many of these changes are manifest in the underlying submucosa as well as in the epithelium itself. Removing the effects of optical scattering and absorption associated with the overlying epithelial layer from the AF signal generated by the submucosa and underlying structures can improve the measurement of the relative contribution of fluorophores and structural changes associated with neoplasia in the submucosa in situ. We proposed using coregistered AF-OCT imaging to measure the magnitude and spatial variation of scattering and absorption by the epithelium and to correct the AF signal using this information. The thickness of the epithelial layer can be directly measured by OCT imaging, while AF imaging records a signal convolved with AF signal loss due to scattering and absorption by this epithelial layer. The AF loss measured from AF-OCT imaging of different 3-D carcinoma cell cultures (HCT116, OVCAR8, and MCF7) is presented in this work. The data suggest that for thin cell layers (<300 μm), different cell lines behave very similarly in terms of amount of AF loss generated, with an average linear attenuation of 1.3 mm −1 . Given this attenuation rate, the absolute value of AF modification can be estimated for this thickness range. For thicker layers (>400 μm), AF loss appears quite different for the different cell lines. However, the slope of AF loss is relatively constant, with the average of 0.59 mm −1 . Therefore, the AF loss can be predicted relative to one known data point given this relatively constant slope. The data presented here can be used to correct for AF signal loss due to scattering and absorption of epithelium and potentially to rule out false positives due to inflammation and epithelial thickening.
